Currently, the detection and identification of Campylobacter and Arcobacter species remains arduous, largely due to cross-species phenotypic similarities and a relatively narrow spectrum of biochemical reactivity. We have developed a PCR-hybridization strategy, wherein degenerate primers are used to amplify glyA fragments from samples, which are then subjected to species-specific oligodeoxyribonucleotide probe hybridizations, to identify and distinguish between Campylobacter jejuni, C. coli, C. lari, C. upsaliensis, Arcobacter butzleri, and an A. butzleri-like species. Evaluation of this strategy with genomic DNA from different type strains suggests that this approach is both specific and sensitive and thus may be applicable in a diagnostic assay to identify and differentiate these highly related species.
GGT ATG-3Ј), with the Ampli-Cycle Sequencing Kit (Perkin-Elmer/Applied Biosystems).
DNA sequence alignment, probe designs, and syntheses. Nucleotide sequences were analyzed by using the Microgenie Sequence Analysis Program version 5 (Beckman Instruments), DNAsis (Helix Corporation), and CLUSTAL W (12, 13) . Alignment of the glyA nucleotide sequences of C. jejuni ATCC 33560, C. coli ATCC 33559, C. lari ATCC 35221, C. upsaliensis ATCC 43954, C. upsaliensis 14096, A. butzleri ATCC 49616, A. butzleri 13218, A. butzleri-like 13432, and A. butzleri-like 13207 identified four regions which were used to design the speciesspecific oligo probes CJATC-1, CC-1, CL-1, CU-1 (series 1, 28-mer) (Dalton Chemical Laboratories), CJATC-2, CC-2, CL-2, CU-2 (series 2, 32-mer), GlyA-CU, GlyA-AB, GlyA-BL1, and GlyA-BL2 (31-to 35-mer) (ACGT Corp.).
End labeling of the probes. Oligos (20 to 50 pmol) were radioactively labeled with [␥- 32 P]ATP (4,500 Ci/mmol; ICN Biomedicals Canada, Ltd.), kinase buffer (70 mM Tris-Cl [pH 7.6], 10 mM MgCl 2 , 5 mM dithiothreitol), and 20 U of T4 polynucleotide kinase (Pharmacia and New England Biolabs). Labeled probes were purified through an STE-equilibrated Sephadex G-50 spin column (24) or a Sephadex G-25 MicroSpin column (Pharmacia).
Southern blot. Equal amounts of PCR products from all the species (Table 1) were electrophoresed in 1% agarose gels and transferred onto GeneScreen Plus nylon-based membranes (DuPont Canada, Inc.) or Hybond membrane (Amersham) by vacuum transfer using the LKB 2016 VacuGene Vacuum Blotting System (Pharmacia) or by capillary action (2) .
Southern hybridizations. Prior to hybridization, membranes were fixed by air drying them at room temperature and then soaked in 2ϫ SSC; (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate); membranes were then prehybridized at 42, 45, or 37°C (series 1, series 2, or series GlyA-probes, respectively) for 30 min in 10 ml of solution (series 1 and 2 probes: 1% sodium dodecyl sulfate [SDS], 1 M NaCl, 10% dextran sulfate, and 5 mg of denatured salmon sperm DNA per ml; GlyA-series probes: same solution plus 50% formamide). Labeled probes were added with a specific activity of 3 ϫ 10 5 cpm/ml (series 1 and 2) or 1 ϫ 10 6 cpm/ml (GlyA-series), hybridized at 42, 45, and 37°C (series 1, series 2, and GlyA-probes, respectively) for 8 to 24 h, and finally washed twice as follows: series 1 and 2, with 0.2ϫ SSC for 10 min, at 60 and 50°C, respectively; GlyA-CU and GlyA-AB, with 0.2ϫ SSC plus 0.1% SDS at 62°C for 15 min; and GlyA-BL and GlyA-BL2, with 0.2ϫ SSC plus 0.1% SDS at 60°C for 15 min. Bands were visualized by autoradiography (X-Omat AR; Kodak Scientific Imaging Film) using exposure times from 40 min to 10 h at room temperature and from 10 to 22 h at Ϫ70°C. 
RESULTS
PCR amplification using S1-S2 and S1-S5 primer pairs. (Table 1 ) using S1-S2 and S1-S5 primer pairs generated the expected products of 640 and 460 bp, respectively (Fig. 1) . However, the same primers did not generate PCR products from B. adolescentis and L. casei (data not shown).
DNA sequences, alignment, and design of species-specific oligo probes. Two independent recombinant clones from each of the four thermophilic Campylobacter species were sequenced to ensure accuracy. The partial glyA sequences and the four regions chosen to design the species-specific probes are shown in Fig. 2 . The melting temperatures (T m [17] ) of the probes are as follows: CJATC-1, 66.92°C; CC-1, 64.36°C; CL-1, 60.73°C; CU-1, 66.58°C; CJATC-2, 54.87°C; CC-2, 57.80°C; CL-2, 57.80°C; CU-2, 59.26°C; GlyA-AB, 64.36°C; GlyA-BL1, 63.08°C; GlyA-BL2, 65.86°C; and, GlyA-CU, 65.52°C.
Southern blot and hybridizations. Each probe's species specificity was tested against the bacteria listed in Table 1 . Results of the series 1 and 2 probe hybridizations are shown in Fig. 3 , and results of the GlyA-series probe hybridizations are shown in Fig. 4 .
Both CJATC-1 and CJATC-2 were positive for all 13 C. jejuni strains tested, with no cross-hybridizations to other species after 4 h of exposure. With longer exposure times (29); 4, from J. L. Penner, University of Toronto, Ontario, Canada; 5, from A. Bognar, University of Toronto, Ontario, Canada; 6, BCCM-LMG Culture Collection, Ghent, Belgium; *, Strains used for the PCR, subcloned, and sequenced to generate the species-specific oligo probes; †, strains used for the PCR and Southern hybridizations to determine species specificity of the series 1 and 2 probes; and ‡, strains used for the PCR and Southern hybridizations to determine species specificity of the GlyAseries probes.
c C. upsaliensis strains (3). d LCDC, Health Canada, Ottawa, Ontario, Canada.
(22 h), however, weak cross-hybridizations were observed, i.e., CJATC-1 to C. coli strains and CJATC-2 to C. upsaliensis strains.
Similarly, both CC-1 and CC-2 were positive for all 10 C. coli strains. After 22 h of exposure, CC-2 did not cross-hybridize to the other species' PCR products, while CC-1 weakly crosshybridized to C. jejuni and C. upsaliensis strains.
Both CL-1 and CL-2 were positive for 12 of the 15 C. lari strains (C. lari LMG 9253, LMG 11251, and R-749 were negative) after 2 h of exposure. However, after 22 h weak crosshybridizations were observed: CL-1 to A. nitrofigilis and CL-2 to C. upsaliensis strains.
After 4 h of exposure, CU-1 was observed to be positive for all 14 C. upsaliensis strains, while CU-2 was positive for 12 of the 14 strains (C. upsaliensis 14080 and 14529 were not detected), and GlyA-CU was positive for all the 10 strains that were tested. The CU-1, CU-2, and GlyA-CU probes were also observed to cross-hybridize to A. butzleri 11556 (CU-1 and CU-2, results not shown; GlyA-CU, result shown in Fig. 4 ) after 4 h of exposure. Besides cross-hybridizing to A. butzleri 11556 strain, CU-1 was negative for other non-C. upsaliensis strains, as observed from exposure times of 4 to 22 h. Likewise, other than A. butzleri 11556, the CU-2 and GlyA-CU probes were negative for other non-C. upsaliensis strains after 4 h of exposure. However, after longer exposure times, weak cross-hybridizations were observed: CU-2 to C. jejuni strains and GlyA-CU to C. jejuni, C. coli, C. lari, and H. canis strains.
GlyA-AB hybridized to all 10 A. butzleri strains after 4 h of exposure. However, GlyA-AB weakly cross-hybridized to A. butzleri-like strains after 20 h of exposure.
GlyA-BL1 was positive for 7 (13162, 13163, 13128, 13432, 13207, 13209, and 13114) of the 10 A. butzleri-like strains, while GlyA-BL2 was positive for 8 (13162, 13128, 13432, 13207, 13209, 13114, 13447, and 14841) of the 10 strains. Both probes were negative for A. butzleri-like 14064, and neither GlyA-BL1 nor GlyA-BL2 cross-hybridized to the A. butzleri and C. upsaliensis strains tested.
Sensitivity. PCRs with the S1-S2 primer pairs were performed on serially diluted C. jejuni ATCC 33560, C. upsaliensis ATCC 43954, A. butzleri ATCC 49616, and A. butzleri-like 13162 genomic DNA, and the lowest amount of genomic DNA required in order to yield sufficient PCR product to be detected by CJATC-1 was 0.4 pg (200 template copies), by GlyA-CU was 0.5 pg (230 copies), by GlyA-AB was 50 pg (23,000 copies), and by GlyA-BL1 and GlyA-BL2 was 500 pg (230,000 copies).
DISCUSSION
Three degenerate primers were designed, based on conserved glyA sequences, to amplify a glyA region encompassing the domain suggested to be part of the serine hydroxymethyltransferase active site and the domain implicated for binding its coenzyme, pyridoxal-5Ј-phosphate (1, 22, 25) . Nucleotide sequence alignment of the amplified region from the Campylobacter and Arcobacter species revealed variable regions which were used to design three series of species-specific oligo probes to identify C. jejuni, C. coli, C. lari, C. upsaliensis, A. butzleri, and A. butzleri-like strains. The currently described combined strategy uses PCR amplification of the partial glyA gene with degenerate primer pairs (S1-S2 and S1-S5), followed by species-specific oligo probe hybridizations to identify and distinguish the various species.
Based on the probes' T m values, four types of hybridization and washing conditions were optimized for species specificity. Each probe's ability to detect different strains of the different species was tested by using strains from human and animal sources. Strains were also obtained as unknown samples to objectively evaluate probe specificities.
The CJATC-1, CJATC-2, CC-1, CC-2, CL-1, CL-2, GlyA-AB, GlyA-BL1, and GlyA-BL2 probes were observed to be species specific by using short exposure times of 4 h or less. However, with longer exposures of 20 to 22 h, weak crosshybridizations were observed for most probes. The cross-hybridizations observed were, at most, one-tenth the intensity observed from the species-specific hybridizations. However, the CU-1, CU-2, and GlyA-CU probes were observed to crosshybridize as strongly to A. butzleri 11556 as to their target C. upsaliensis strains (Fig. 3 and 4) . Interestingly, A. butzleri 11556 is the only strain originating from a water source in Thailand, while the other A. butzleri strains originate from human or animal sources in North America or Europe. Thus, it is possible that A. butzleri 11556 is an aberrant strain, and the target sequences are highly similar to those of the C. upsaliensisspecific probes, which resulted in the equal hybridization strength of the probes to this strain as to its species-specific targets.
Since an unknown sample may contain any one of the species, use of all of the probes would resolve any discrepancies due to cross-hybridizations. For example, if an unknown sample was detected by both CJATC-1 and CC-2, since CJATC-1 cross-hybridizes weakly C. coli and CC-2 only detects C. coli, the sample would be determined to be C. coli. If the unknown sample is detected by CJATC-1 but not by CC-2, then the sample would be determined to be C. jejuni. Thus, cross-hybridizations would not be a factor for misidentification. Crosshybridization would also not affect the identification of either C. jejuni or C. lari strains, since C. jejuni probes do not crosshybridize to C. lari strains and vice versa. The cross-hybridization of the CU-1, CU-2, and GlyA-CU probes to A. butzleri strains would not affect the identification of C. upsaliensis or A. butzleri strains, since GlyA-AB does not cross-hybridize with C. upsaliensis strains.
The strength of the hybridizations do vary because there are minor nucleotide sequence variations between different strains. Most of the variations probably correspond to the third base of codons and thus, may not cause changes at the amino acid sequence level due to codon degeneracy. The probe may not detect strains if the target sequence has more substitutions, deletions, or insertions. For example, both CL-1 and CL-2 did not detect the C. lari strains LMG 9253, LMG 11251, and R-749. These C. lari strains have been shown to be aberrant C. lari strains by comparative whole-cell protein electrophoresis and by a PCR assay based on a novel putative GTPase gene (33) . Similarly, the observation that GlyA-BL1 and GlyA-BL2 were unable to hybridize to A. butzleri-like 14064 may also be due to the aberrant nature of this isolate. However, this oligo probe identification system does permit a small degree of target sequence variation. For example, although the glyA sequences of C. jejuni ATCC 43431 (5) (GenBank accession no. X53816) and C. jejuni ATCC 33560 differ by two nucleotides at the CJATC-1 target sequence, CJATC-1 positively identified both C. jejuni strains. Furthermore, none of the probes hybridized to the other bacterial species such as C. sputorum, H. (Table 1) .
cinaedi, H. pylori, E. coli, P. aeruginosa, and S. sonnei. Thus, the advantages of having multiple probes for each species are to detect a wider range of strains, to improve the confidence of positive identification, and to reduce false-negative identification.
The sensitivity of this PCR-oligo hybridization strategy varied with the different probes. As previously mentioned, since there may be target sequence variation between strains, sensitivity largely depends on the homology between the degenerate primers' and probes' target sequences and the strains' sequences. Thus, oligo probes have high specificity but are not as sensitive as probes based on DNA fragment hybridizations.
Furthermore, this PCR-hybridization strategy can differentiate between the more closely related thermophilic C. jejuni, C. coli, and C. lari species. Thus, the development of this strategy into a diagnostic kit would be more species specific than the currently available rapid Campylobacter identification kits, such as the AccuProbeAssay System (Gen-Probe, Inc.), which does not differentiate between these species. While the use of isotopic detection in this strategy has disadvantages, such as isotopic decay and radiation exposure, it is significantly more rapid than conventional diagnostic methods involving culturing of the various Campylobacter species, since the PCR can be used to directly amplify products from specimens such as stool samples (37) . In addition, the hybridizations can be adapted to a nonradioactive detection system. Moreover, once the PCR product concentrations are equalized, dot blots could be used as an alternative to Southern blots.
Another advantage of this strategy is that only two primer pairs are required to amplify the target fragment from a wide range of genera, including Campylobacter, Helicobacter, and Arcobacter. Thus, it will be an efficient diagnostic tool allowing many samples to be tested concurrently. In addition, this advantage provides a basis by which the PCR-oligo hybridization identification system can be easily expanded. Therefore, specific probes for the remaining Campylobacter, Helicobacter, and Arcobacter species and also the newly identified species can be developed, generated, and used by following this strategy. Another strategy that has been used successfully is a GeneChip probe array strategy, which simultaneously identifies Mycobacterium species and the presence of specific rifampin resistance mutations in a test sample (30) . With more species-specific target sequences identified, the glyA system described here has the potential to be further developed and expanded into the GeneChip probe array strategy.
